Inhibitors of suppressive histone modification promote direct reprogramming of fibroblasts to cardiomyocytelike cells
We recently reported that the combination of Gata4, Hand2, Tbx5, and the fusion gene MM 3 between Mef2c and the transactivation domain of MyoD (MM 3 -GHT) produces 18 times as many clusters of beating cells (induced cardiomyocytelike cells or iCMs) as the wild-type combination (M-GHT). 1 In the current study, we added the chemicals GSK126 and UNC0638 to MM 3 -GHT to examine whether depletion of suppressive histone markers further increases the efficiency of making iCMs. GSK126 inhibits Enhancer of Zeste Homolog 2 (Ezh2), which induces di-and trimethylation of Lys27 on histone H3 (H3K27me2 and H3K27me3, respectively) as a catalytic subunit of the Polycomb Repressive Complex 2 (PRC2).
2
UNC0638 inhibits two closely related enzymes, G9a and GLP, which form a heterodimer in vivo and mediate mono-and dimethylation of Lys9 on histone H3 (H3K9me and H3K9me2) and methylation of non-histone substrates such as p53.
3
H3K27me3 and H3K9me2 are typically associated with suppressed genes although the underlying mechanisms have not been fully characterized. We prepared fibroblasts from the heads of Day 13.5 mouse embryos and incubated them with 1 mM GSK126 for 2 days to verify a decrease of H3K27me3 (see Supplementary material online, Figure S1A ). To test the effect of GSK126 on reprogramming, fibroblasts were transduced with MM 3 -GHT on Day 21 and 0, and GSK126 was added to the culture medium at different time points ( Figure 1A) . The most effective schedule was to add GSK126 from Day 1 to 4, resulting in 2.1 times as many iCM clusters as negative control without GSK126 ( Figure 1A , encircled and Supplementary material online, Figure S1B ). Ca 2+ oscillations in the cells were monitored using a transgene encoding the Ca 2+ indicator protein GCaMP5, which emits stronger green fluorescence in the presence of a higher intracellular Ca 2+ concentration. 4 When GSK126 was used from Day 1 to 4, numerous cells exhibited asynchronous oscillation of the fluorescence intensity, and thus the intracellular Ca 2+ concentration, on Day 14 (see Supplementary material online, Figure S1C and Videos 1A and 2A). Some cells were spontaneously beating (Phase and Hoechst panels in Supplementary material online, Figure S1C and Videos 1B and 2B). The prevalence of cells that showed beating or oscillation of fluorescence was calculated by dividing the number of these cells by the number of nuclei detected by the Hoechst dye. Although mature cardiomyocytes are generally binucleated, 5 we did not take this into consideration because distinguishing which two nuclei belong to a single cell was difficult. With this method, 55% of the cells in a well displayed Ca 2+ oscillation (see Sup- plementary material online, Figure S1D ) and 23% of the cells beat spontaneously ( Figure 1B Figure S2A ). In contrast to GSK126, UNC0638 was most effective when used from Day 3 to 7, when it produced twice as many iCM clusters as control ( Figure 1C , encircled and Supplementary material online, Figure S2B ), with 20% of individual cells beating ( Figure 1B) . We further tested a cumulative effect of the two inhibitors by using them simultaneously from Day 1 to 4 (see Supplementary material online, Figure S2C ) or from Day 1 to 7 (see Supplementary material online, Figure S2D ) or sequentially during Day 1 to 7 (see Supplementary material online, Figure  S2E ). However, none of these combinations was more effective than GSK126 alone.
Because M-GHT was much less efficient in inducing iCMs than MM 3 -GHT, 1 the two inhibitors might display more profound effects when used with M-GHT. Although GSK126 increased iCM cluster formation two-fold with M-GHT (see Supplementary material online, Figure S3A ) like MM 3 -GHT, UNC0638 increased the number of iCM clusters 2.9-fold with M-GHT when used between Day 1 and 4 (see Supplementary material online, Figure  S3A ), compared with a 1.5-fold increase with MM 3 -GHT ( Figure 1C ). The combination of the two inhibitors increased the number of iCM clusters 5.1-fold when used with M-GHT (see Supplementary material online, Figure S3A ). Raising the concentration of UNC0638 from 0.25 to 1.0 mM further increased the number of iCM clusters (see Supplementary material online, Figure S3B , black) when the inhibitors were used from Day 1 to 4. Longer use from Day 1 to 7 (see Supplementary material online, Figure S3C ), sequential addition (see Supplementary material online, Figure S3D ), and a single late addition of UNC0638 (see Supplementary material online, Figure S3E ) were all less effective than simultaneous use. Overall, the most effective combination was to transduce MM 3 -GHT and add GSK126 from Day 1 to 4 ( Figure 1D , encircled), resulting in a 32-fold increase in the number of iCM clusters in comparison to M-GHT without inhibitors.
Immunofluorescence staining on Day 14 after transduction of MM 3 -GHT without inhibitors demonstrated that 19% of the cells were positive for the cardiac marker cardiac troponin T (cTnT) (see Supplementary material online, Figure S4A , dark grey, None). In addition, 11% of the cells were double-positive for cTnT and the ion channel protein Hcn4 (hyperpolarization-activated cation channel 4) ( Figure 1E , dark grey, None). Although the addition of the inhibitors increased the number of cells positive for these proteins, the frequency was always less than twice of that seen with control which did not include the inhibitors ( Figure 1E and Supplementary material online, Figure S4A ). An example of the double staining is shown in Figure 1F and Supplementary material online, Figure S4B after transduction with MM 3 -GHT and the addition of the two inhibitors. Regularly distributed sarcomeres were evident with the cTnT staining (see Supplementary material online, Figure S4B , magnified panel). Thus, an increase in iCM clusters does not directly translate to an increase in the number of cardiac proteinpositive cells. This is consistent with results obtained in our previous study with immunostaining of myosin light chain 2v and cardiac myosin heavy chain. 1 This work has two implications for the use of chemical inhibitors of epigenetic enzymes to promote direct reprogramming. First, the effective time window could be narrow ( Figure 1A and C) . Although this is not surprising, it underscores that effective candidates could be overlooked during large-scale screening of small molecules if they are used at the wrong time. Details of the epigenetic reprogramming during iCM formation remain largely elusive; however, the reprogramming during induced pluripotent stem cell (iPSC) formation is known to be a stepwise process of suppression of the cell-specific genes expressed in the source cell, followed by activation of pluripotency-specific genes. 6 Global removal of suppressive histone markers does not necessarily benefit reprogramming because it potentially prevents suppression of parent cell-specific genes. Whether GSK126 and UNC0638 facilitate reprogramming or not will be determined by the cumulative effects of activating both cardiac genes and inhibitory genes for reprogramming. This complexity is highlighted by a recent report that inhibition of Ezh2 and other PRC2 components by short hairpin RNAs decreases the efficiency of making iPSCs from fibroblasts. 7 The second implication is the importance of the combination between an inhibitor and a transgene. UNC0638 was more effective with M-GHT than with MM 3 -GHT when used between Day 1 and 4 [2.9-fold increase (see Supplementary material online, Figure S3A ) vs. 1.5-fold increase Letter to the Editor ( Figure 1C) ]. In addition, the combination of the two inhibitors was more effective than a single inhibitor only for M-GHT. One potential explanation is that MM 3 recruits H3K9me2 demethylases, and additional inhibition of H3K9me2 is unnecessary. Another possibility is that UNC0638 demethylates the MyoD transactivation domain in MM 3 , inhibiting the promotion of reprogramming by this fusion protein. However, although G9a methylates Lys104 on MyoD, inhibiting its transcriptional activity, 8 our MyoD domain contains only amino acids 1-62. Methylation of Mef2c has not been reported as far as we know. We found that 23% of the cells treated with MM 3 -GHT and GSK126 beat spontaneously. Although some studies counted the number of beating cell clusters, 1,9 the number of beating cells has not been reported, partly because the number was generally very low. Because mature cardiomyocytes (other than the cells in the conduction system) generally do not beat spontaneously, 10 beating cannot be used as the sole indicator for the formation of cardiomyocytes. However, it is a better indicator of the magnitude of cardiomyocyte formation than the expression of a few cardomyocyte-specific proteins, the measure used in most previous studies, 9 because beating requires multiple cardiac features, including a reasonably assembled set of ion channels, a calcium signalling system, and a contractile cytoskeletal apparatus, however incomplete. Fifty-five per cent of the cells treated with MM 3 -GHT and GSK126 exhibited Ca 2+ oscillation (see Supplementary material online, Figure S1D ), but many of them showed a wave-like spread of high Ca 2+ concentration from one side of a cell to the other (see Supplementary material online, Videos 1A and 2A). This wave-like pattern is typical of cardiomyocytes created by direct reprogramming, whereas cardiomyocytes prepared from embryonic heart show a simultaneous increase of the fluorescence intensity in the entire cytoplasm. 4 The wave-like pattern appears to represent partially reprogrammed cardiomyocytelike cells. Indeed, only 30% of the cells expressed cTnT, a marker for terminally differentiated cardiomyocytes (see Supplementary material online, Figure S4A ) on the same day that the wave-like pattern was observed. Thus, further improvement of the protocol is required to increase the population of mature cardiomyocytes through direct reprogramming.
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